The reactivity o f the phytochrome chromophore and related tetrapyrroles towards ozone and tetranitromethane was investigated. Both oxidizing reagents cause bleaching o f the main absorp tion band o f the pigment. The rate constants for this bleaching were determ ined under conditions o f pseudo first order reaction kinetics. The rate constants for the reaction with ozone are similar for native phytochrome and for freely accessible tetrapyrroles (biliverdin, small chrom opeptides from phytochrom e) indicating that accessibility is not the limiting factor for the reaction with ozone. Under a variety o f conditions, the Pfr chromophore reacts by about 10% faster than the P r chromophore. This may reflect the true difference in reactivity. The rate constants for the reaction with tetranitromethane are much larger for biliverdin, bilirubin and small chrom opeptides from phytochrome than for native phytochrome. The limiting factor for this reaction in native phytochrom e therefore is the accessibility o f the chromophore by the reagent. Previous conclusions on the difference in exposure o f the tetrapyrrole chrom ophore in P r and Pfr are confirmed.
Introduction
Phytochrome, a photoreceptor for plant photo morphogenesis, is a chrom oprotein that exists in two forms, Pr and Pfr. The Pr form is physiologically inactive, whereas the Pfr form is considered the physiologically active form [1] .
The molecular topology o f P r and Pfr has been studied with the final aim to find out those dif ferences between P r and Pfr which are responsible for the physiological activity o f P fr. One point o f particular interest in this connection is the higher reaction rate o f the P fr chrom ophore com pared to the Pr chrom ophore during oxidation with perm an ganate [2] and tetranitrom ethane [3] or reduction with boro hydride [4] . This has been interpreted as protein protection o f the Pr chrom ophore but ex posure of the P fr chrom ophore which is more pro nounced in partially degraded [2, 4] than in native [3] phytochrome. However, the reactivity o f the Pfr chrom ophore during oxidation and reduction is higher than that o f the Pr chrom ophore even in a small chrom opeptide [5] in which the chrom ophore should be accessible for the reagents in both forms. This difference has been explained as an intrin sic difference of chemical reactivity o f the chromophores the configuration of which was dem on strated to be 15 Z in the Pr form and 15 £ in the Pfr form [6] [7] [8] [9] . To establish the effect of intrinsic chemical reactivity on the one hand and of chrom o phore exposure or protection on the other hand, we have studied the oxidation of the P r and Pfr chrom o phore by tetranitrom ethane in small chrom opeptides in relation to native phytochrom e. Furtherm ore, ozone was used as oxidizing reagent because it is small enough to penetrate to relatively "inacessible" sites within the protein. It should therefore be suitable to test the intrinsic reactivity o f the chrom o phore in both Pr and Pfr.
Materials and Methods

Phytochrome
Native Phytochrome (124 kd) was isolated from etiolated oat seedlings (A vena sativa L., cv. Pirol, Baywa, M ünchen) according to the procedure of Vierstra and Quail [10] with the following modifica tions: 500 g o f seedlings (germ inated for 72 h at 28 °C) were extracted with Tris-HCl/50% ethylene glycol containing 20 m M ascorbic acid instead of sodium bisulfit. Elution from hydroxylapatite was achieved with 100 m M potassium phosphate buffer. The subsequent Affi-Gel Blue procedure was om it ted. Phytochrome in the pooled fractions eluted from hydroxylapatite (^666 A 4 28o = 0.05 to 0.1) was precipitated with am m onium sulfate instead.
The pellet (containing 5 mg phytochrom e) was washed twice with 1.5 ml 100 m M potassium phos phate buffer, pH 7.8 (4°C). Most o f contam inating proteins (and some phytochrome) were dissolved by this procedure. The rem aining deep blue pellet was finally dissolved in 3 ml 20 m M potassium phosphate buffer, pH 7.8 (4 °C) giving a purity indexyl 666 /A 280 = 0.33. This solution was subm itted to a Bio-Gel A-1.5M column and eluted with the same buffer. Phytochrome with A 666 / A 28o better than 0.55 was obtained and used for ozonolysis. Use o f Tris-HCl buffers and EDTA or 2-m ercaptoethanol for ozono lysis was strictly avoided.
Degraded phytochrom e (120 kd) was partly purified by brushite chrom atography according to [11] form 3.5 day old etiolated oat seedlings (Avena sativa L. var. Pirol, Baywa, M ünchen, FRG). D e graded phytochrom e was used for preparation o f P r chromopeptides (about 2.5 kd) as previously de scribed [6] , The Biogel P-10 fraction o f the Pr chrom opeptide was applied to a silicia gel column which had been equilibrated with distilled water. After washing with distilled water it was eluated with 50% aqueous HCOOH. Biliverdin was p ur chased from Sigma (Dihydrochloride, purity approx. 80%) and used without further purification.
Electronic spectra and kinetics at a fixed wave length were taken either with a spectrophotom eter model DM R 22 (Zeiss, Oberkochen, FRG), a dual wavelength spectrophotom eter ZWS II (Sigma In struments, Berlin) or with a spectrophotom eter model Lambda 3 (Perkin Elmer, Norwalk, USA). Ozonolysis 2 ml o f the pigment solution (phytochrom e, chro mopeptide or biliverdin) were placed in a 3.5 ml quartz cuvette (pathway I cm) and cooled to 5 -I-/ -1 °C. A stream o f ozone/oxygen was bubbled through a capillary at a flow rate o f 5 ml m in-1. Ozone was produced either in a micro scale discharge tube inserted before the capillary or an Orec ozonater model 03V5-0 (Phoenix, USA). Simultaneously bleaching of phytochrome was recorded by m ea suring absorbance at the maximum o f the long wavelength band. The kinetic run was recorded on a 8110 electronic recorder with data processing and storage capability (Bascom-Turner Instruments, Mass. USA).
Urea denaturation of the phytochrome samples was carried out in the measuring cuvettes. To avoid to much dilution of the samples, the urea was added in solid form to a final concentration o f 8 m .
To avoid precipitation of phytochrom e upon acidification, conc. HC1 was added to the samples after urea denaturation.
Results and Discussion
The conditions for bleaching with ozone had to be chosen in such a way that pseudo-first order kinetics are obtained. This is the case at rather fast flow rates of ozone. As shown in Fig. 1 for phytochrome, first order kinetics are observed after a short lag-phase. Only at the end of the bleaching period deviation from linearity in the semilogarithmic plot occurs. The kinetics o f bleaching of various tetrapyrroles with ozone are very similar to each other: A short initial lag-phase is followed by a linear phase in the semilogarithmic plot whereas deviation from linearity is observed at the end of the bleaching period. The rate constants in the linear phase (Table I) for bleaching of protein-bound tetrapyrroles (phyto chrome, phycocyanin) are very close to those of biliverdin and a small Pr-peptide in which the tetrapyrrole chrom ophore should be freely accessible. The small molecule ozone seems to easily penetrate to sites within the protein (chrom ophore site in Pr) which are inaccessible for other reagents. Any dif ferences in the reaction kinetics between Pr and Pfr should therefore be due to differences in the reactiv ity rather than in the accessibility of the chrom o phore.
The comparison of the bleaching of Pr and Pfr is shown in Table II . The flow rate of ozone was varied from one experim ent to the other so that the rate constants also varied. However, the conditions were identical for Pr and P fr within one experiment. The data of Table II clearly dem onstrate that the rate constants for Pr and Pfr are similar within one ex perim ent but that those of Pr are always somewhat smaller than the corresponding values o f Pfr. This is true for native phytochrom e as well as for denatured phytochrome, i.e. independent of the apparent accessibility of the chromophores. We conclude that this small difference o f about 10% reflects the higher reactivity o f the Pfr chrom ophore. The difference is much smaller than the difference previously detected for bleaching with perm anganate [2] or tetranitrom ethane [3] , Therefore, in that case the difference in reactivity must be mainly due to the fact that the chrom ophore in Pr is shielded by the protein whereas it is exposed to the medium in Pfr. This is especially true for partially degraded phytochrom e [2] , We had also to consider the possibility that the difference in the reaction rate between Pr and Pfr could be larger for other oxidants than for ozone. We therefore investigated the tetranitrom ethane reaction with intact phytochrom e and small chrom o peptides obtained from Pr and Pfr.
From the results shown in Table III , it can be sug gested that the Pfr chrom ophore is more exposed than the Pr chrom ophore. However, the degree of exposure clearly depends on the size of protein, in dicating in particular that the 6000-dalton m olecular mass peptide chain partially shields and interacts closely with the P fr chrom ophore. C om parison o f the reactivity o f the chrom opeptides o f Pr and Pfr forms seems to indicate that the latter is slightly more reactive than the former also with tetranitrom ethane. Both chromopeptides are more reactive than biliverdin or bilirubin which have hitherto been used as model chromophores.
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